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The inelastic scattering and conversion process between photons and phonons by laser-driven
quantum dots is analyzed for a honeycomb array of optomechanical cells. Using Floquet theory for
an effective two-level system, we solve the related time-dependent scattering problem, beyond the
standard rotating-wave approximation approach, for a plane Dirac-photon wave hitting a cylindrical
oscillating barrier that couples the radiation field to the vibrational degrees of freedom. We demon-
strate different scattering regimes and discuss the formation of polaritonic quasiparticles. We show
that sideband-scattering becomes important when the energies of the sidebands are located in the
vicinity of avoided crossings of the quasienergy bands. The interference of Floquet states belonging
to different sidebands causes a mixing of long-wavelength (quantum) and short-wavelength (qua-
siclassical) behavior, making it possible to use the oscillating quantum dot as a kind of transistor
for light and sound. We comment under which conditions the setup can be utilized to observe
zitterbewegung.
I. INTRODUCTION
Optomechanical systems realizing the interaction be-
tween light and matter on the micro- and macroscale [1],
enjoy continued interest since they allow for the study
of fundamental questions concerning, e.g., the cooling
of nanomechanical oscillators into the quantum ground-
state [2–4], nonlinear phenomena on the route from clas-
sical [5, 6] to quantum behavior [7–9], and even entangle-
ment [10, 11] and (quantum) information processing [12–
15]. Regarding the latter one, optomechanical crystals or
arrays [16–19] have gained particular attention as they
accommodate (strongly) coupled collective modes [20–
22], and therefore can be utilized for the transport, stor-
age, and transduction of photons and phonons [23–27].
A promising building block for hybrid photon-phonon
signal processing architectures is provided by planar op-
tomechanical metamaterials. Their optically tunable,
polaritonlike band structure enables versatile and easy
to implement applications of artificial optomechanical
gauge fields [28–30] and topological phases of light and
sound [31]. In this context, the emergence of Dirac
physics was demonstrated for low-energy photons and
phonons in ”optomechanical graphene”, that is, a hon-
eycomb array of optomechanical cells [32]. In these sys-
tems ultrarelativistic transport phenomena such as Klein
tunneling appear, because of the chiral nature of the
quasiparticles and their Dirac-like band structure, just
as for Dirac electrons in graphene. Moreover, the radia-
tion pressure that induces the coupling between photons
and phonons inside the optomechanical barrier can be
easily tuned by the laser power and may cause the for-
mation of (photon-phonon) polariton states mixing pho-
tonic and phononic contribution. Circular barriers are
of special interest because they are easier to implement
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experimentally than infinite planar barriers and show a
richer scattering behavior due to their finite size. In par-
ticular such optomechanical ”quantum dots” may cause
the spatial and temporal trapping, Veselago lensing, a
depletion of Klein tunneling, and angle-dependent inter-
conversion of photons and phonons [33].
Since transport of Dirac quasiparticles is extremely
energy-sensitive, external time-dependent fields may pro-
duce interesting effects. This has been demonstrated for
the photon-assisted transport in graphene-based nanos-
tructures [34], where planar and circular electromagnetic
potentials, oscillating with frequency Ω, give rise to in-
elastic scattering processes by exchanging energy quanta
n~Ω with the oscillating field. Thereby, the excitation
into and interference between sideband states may cause
the suppression of (Klein-) tunneling, Floquet-Fano reso-
nances, as well as highly anisotropic angle-resolved trans-
mission and emission of the quasiparticles [35–40]. Also
the relevance to zitterbewegung (ZB) has been addressed
within the Tien-Gordon setup [41].
As stressed already, inside the optomechanical bar-
rier polaritonic quasiparticles will form. They can be
treated effectively as two-level systems. Then, modu-
lating the coupling strength in a time-periodic way, the
system mimics a two-level system driven by a linear po-
larized laser field. Within Floquet theory, it was shown
that such systems exhibit strongly enhanced transmission
probabilities between the two levels whenever avoided
crossings occur in the quasienergy bands [42–44]. This
immediately raises the question how Floquet-driven bar-
riers affect the two-level scattering process in optome-
chanical metamaterials. For planar oscillating barriers
we found that the finite transmission probabilities for
the sidebands might suppress or revive the light-sound
interconversion when the energy of the incident photon
is close to multiples of the oscillation frequency [45].
Motivated by these findings, in the present paper we
study the inelastic scattering and conversion process be-
tween photons and phonons triggered by periodically os-
cillating quantum dots, imprinted optically in optome-
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2chanical graphene. Figure 1 illustrates the setup under
consideration. The paper is organized as follows. Sec-
tion II presents our model and outlines the theoretical
approach, based on Floquet theory for an effective two-
level system. The solution of the related time-dependent
scattering problem is explicitly given. A more detailed
presentation of the (numerical) implementation of our
Floquet approach can be found in the appendix IV. In
Sec. III, after briefly recapitulating previous findings for
the static quantum dot, we discuss the numerical results
obtained for the oscillating quantum dot in the whole
range of system parameters. The relevance for observ-
ing ZB is also considered. Our main conclusions can be
found in Sec. IV.
II. THEORETICAL APPROACH
A. Model
In optomechanical graphene, driven by a laser with fre-
quency ωlas, co-localized cavity photon (eigenfrequency
ωo) and phonon (eigenfrequency ωm) modes interact via
radiation pressure. For sufficiently low energies and bar-
rier potentials that are smooth on the scale of the lattice
constant but sharp on the scale of the de Broglie wave-
length (i.e., the size of the dot is much bigger than the
lattice spacing in the optomechanical array), the contin-
uum approximation applies [46]. Then the system can
be described by the optomechanical Dirac-Weyl Hamil-
tonian [32],
H =
(
v +
1
2
δv τz
)
σ · k − g (r, t) τx. (1)
In Eq. (1), the model Hamiltonian is written in units of
~, after rescaling H → H − ~ωm. Here, v = (vo + vm)/2,
δv = vo − vm, with vo/m as the Fermi velocity of the
optical or mechanical mode, τ and σ are Pauli spin ma-
trices, k (r) gives the wave vector (position vector) of the
Dirac wave, and g (r, t) parametrizes the time-dependent
photon-phonon coupling strength. On the other hand,
when the laser continuously drives a certain region of
the honeycomb lattice, a quantum barrier with time-
independent coupling strength g0 is created.
We note that the above single-valley Hamiltonian is ob-
tained after linearizing the dynamics around the steady-
state solution and taking advantage of the rotating-wave
approximation (RWA) in the red detuned moderate-
driving regime, ∆ = ωlas − ωo = −ωm [32]. To account
for inelastic scattering, we assume the laser amplitude
to be modulated with a frequency much smaller than
the frequencies of both the laser and mechanical modes,
Ω  ωlas, ωm (otherwise the RWA is not granted). Fur-
thermore, Ω should be much smaller than the mechanical
hopping in the array, i.e., Ω < 2vm/3a with a as the lat-
tice constant (otherwise the continuum approximation is
not granted) [32]. Then, using polar coordinates, the
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FIG. 1. (Color online) Sketch of the scattering setup. Injected
by a probe laser, an incident optical wave with energy E >
0 and wave vector ko = koex hits a laser-driven quantum
dot of radius R. Inside the dot, the photon-phonon coupling
is g = g0 − 2g1 cos (Ωt). As a result, reflected optical and
mechanical waves appear with wave vectors ko/m (kn=0 ≡ k),
in the central band with energy E, and in the sidebands with
energies En = E + n~Ω, where n = ±1,±2, .... The reflected
waves are directed away from the dot and carry an angular
momentum. Since the dot allows for the conversion between
light and sound, mechanical waves appear outside the dot
even though the coupling vanishes here. Note that the figure
is not true to scale and, since vo > vm, the photon-phonon
wavevectors k
o/m
n = |En|/~vo/m are not equal in magnitude.
photon-phonon coupling in the quantum dot region with
radius R takes the form,
g (r, t) = [g0 − 2g1 cos (Ωt)] Θ (R− r) , (2)
where g0 > 0 and g1 < 0, and g0,1 are assumed to be con-
stant. Furthermore, in order to ensure a laser amplitude
greater than zero, 2|g1| ≤ g0. In what follows, for the
sake of simplicity, the potential barrier (2) is assumed to
be infinitely sharp. Numerical studies have shown that a
more realistic steep but rounded barrier will influence the
results little (due to the small Umklapp scattering) [32].
At this point we should mention that the Hamilto-
nian (1), derived for the linear regime within the RWA,
takes into account dissipation effects in an effective
way [1, 32]. Accordingly, the quasiparticles described by
the model (1) propagate as undamped optical and me-
chanical excitations on the honeycomb lattice. As shown
in Ref. [32] the main effect of dissipation would be the de-
cay of the field amplitudes. For the same reason, the bar-
rier is described by the optomechanical coupling strength
g (being proportional to the laser amplitude) and not by
the single-photon coupling rate.
Inside the quantum dot, where the photon-phonon cou-
pling is finite, the polariton quasiparticle states are su-
perpositions of optical and mechanical eigenstates of τz.
Given the time-periodic coupling (2), the polariton states
can be treated as periodically driven two-level systems. A
similar approach is widely used in quantum optics (Rabi
model), e.g., in order to model atoms or superconducting
qubits driven by a semiclassical, linearly polarized laser
field (see Ref. [47] and references cited therein). There
it is convenient to obtain the time-dependent solutions
within the RWA, which is justified for laser frequencies
3close to the transition frequency between the two energy
levels of the state. In view of solving the scattering prob-
lem, however, the RWA cannot be applied because the
wave number k, which enters the transition frequency
between the two polariton states, δvk/2 in (1), changes
as a result of inelastic scattering processes. Therefore
we make use of the Floquet formalism to find the time-
dependent solutions of our scattering problem. The Flo-
quet formalism is described, e.g., in Refs. [44, 47, 48]; for
its application to two-level systems see Refs. [42, 43, 49].
B. Formulation of the Floquet scattering problem
Treating the inelastic scattering problem we look for
solutions |ψ (t)〉 of the time-dependent Dirac equation
i (∂/∂t) |ψ (t)〉 = H |ψ (t)〉. Since the Hamiltonian is
time-periodic, according to Floquet’s theorem [50], we
write the time-dependent solution as |ψ (t)〉 = e−iεt |ε (t)〉
with quasienergy ε and the time-periodic Floquet state
|ε (t)〉 = |ε (t+ T )〉, where T = 2pi/Ω. For constructing
the latter we use the eigensolutions in the absence of the
oscillating barrier [32, 33], which are given as |τ〉 |σ,k〉.
Here, |σ,k〉 is the eigenvector of the single-particle Dirac-
Weyl Hamiltonian H = σk with eigenvalue σ|k| and sub-
lattice pseudospin σ = ±1 (in this notation σ acts as a
band index). The polariton state is formed according to
|τ〉 = N τ (g0 |o〉+ γτ |m〉), where τ = ±1 denotes the po-
lariton pseudospin, and |o/m〉 are the bare optical and
mechanical eigenstates of τz (the factors N τ and γτ are
given in the appendix). Expanding the Floquet state in
a Fourier series,
|ε (t)〉 =
∑
p
∑
τ=±
cτp |τ〉 |σ,k〉 eipΩt, p ∈ Z , (3)
the two polariton states with τ = ±1 have to be super-
imposed because of the optomechanical coupling in τ -
space. Inserting the ansatz (3) into the time-dependent
Dirac equation yields the Floquet eigenvalue equation
(FEE) Fc = εc, where c is the vector containing the
Fourier coefficients cτp , and F is the Floquet matrix hav-
ing eigenvalues ε. The Floquet matrix and the FEE in
component form are given in the appendix; see Eq. (22)
and Eq. (18), respectively. In general, an analytical so-
lution of the FEE does not exist [47]. This is in contrast
to the scattering of graphene-electrons by time-periodic
gate-defined potential barriers, for which the diagonal
potential in sublattice space allows one to integrate the
Dirac equation [34, 36, 40, 41]. We therefore determine
the solutions of the FEE numerically; see appendix.
Let us take another look at the Floquet-scattering
setup depicted in Fig. 1. Since the oscillating quantum
dot gives (takes) energy to (away from) photons and
phonons in the form of multiple integers of the oscilla-
tion frequency, En = E + nΩ (n ∈ Z), the scattering
is inelastic. This implies that the wave functions have
to be expressed as superpositions of states with ener-
gies En. This is certainly unproblematic outside the dot,
where the coupling is zero and we can use the unper-
turbed eigensolutions. The transmitted wave inside the
dot, however, is composed of Floquet states according to
Eq. (3). On that account the wave numbers q
(±)
n and
the Fourier coefficients c
τ,(±)
p,n at each energy En = ε
(±)
have to be determined by numerical diagonalization of
the Floquet matrix F . Note that the index (±) appears
because the quasienergies are two fold degenerate owing
to the polariton pseudospin τ .
C. Solution of the Floquet scattering problem
For this purpose, we expand the plane wave state of
the incoming photon in polar coordinates,
|ψin〉 = 1√
2
(
1
1
)
eik
ox |o〉 e−iEt
=
∑
n,l
δn0 φ
(1)
n,l (k
o
nr) |o〉 e−iEnt, (4)
where l ∈ Z is the quantum number referring to the angu-
lar momentum. The reflected (scattered) wave consists
of optical and mechanical modes, |ψr〉 = |ψr;o〉 + |ψr;m〉
(cf. Fig. 1), with
|ψr;o/m〉 =
∑
n,l
√
vo
vo/m
r
o/m
n,l φ
(3)
n,l
(
ko/mn r
)
|o/m〉 e−iEnt.
(5)
Here, r
o/m
n,l are the optical/mechanical reflection coef-
ficients. According to Eq. (3), the transmitted wave
|ψt〉 = |ψt;(+)〉+ |ψt;(−)〉 reads
|ψt;(±)〉 =
∑
n,l
t
(±)
n,l φ
(1)
n,l
(
q(±)n r
)
×
∑
p
∑
τ=±
cτ,(±)p,n |τ〉(±)n e−iEn−pt , (6)
where t
(±)
n,l are the transmission coefficients. The Fourier
coefficients and wave numbers used in Eq. (6) are ex-
tracted from the Floquet approach outlined in the ap-
pendix. For the wavefunctions (4)–(6) we have used
the eigenfunctions 〈r|σ,k〉 of the Dirac-Weyl Hamilto-
nian [40, 51, 52],
φ
(1,3)
n,l (knr) =
1√
2
il+1
(
−iZ(1,3)l (knr) eilϕ
σnZ(1,3)l+1 (knr) ei(l+1)ϕ
)
, (7)
where Z(1) = Jl and Z(3) = Hl denotes the Bessel func-
tion and Hankel function, respectively. To ensure that
the group velocity of the reflected wave is directed away
from the quantum dot (as it should be for an outgoing
wave), the sign of the energy determines which kind of
Hankel function is used: Hl = Jl+iσ
out
n Yl (Yl is the Neu-
mann function). Here, σoutn = sgn (En) is the ’band in-
dex’ outside the quantum dot. Its presence in the Hankel
function ensures that the refractive indices are negative
4for negative energies, meaning that the wave vector is di-
rected opposite the propagation direction of the particle.
For the transmitted wave inside the dot, σinsn = ±1 for
En ≷ ±g0, and σins(±)n = ±1 for −g0 ≤ En ≤ g0. Match-
ing the wave functions at r = R yields the equations for
the transmission coefficients:
δp0W
o
p,l =
∑
n
∑
τ=±
t
(τ)
n,lf
(τ)
n−p,nX
o,(τ)
n,p,l , (8a)
0 =
∑
n
∑
τ=±
t
(τ)
n,lh
(τ)
n−p,nX
m,(τ)
n,p,l . (8b)
The reflection coefficients can be obtained from
rop,l =
∑
n
∑
τ=±
t
(τ)
n,lf
(τ)
n−p,n
Z(1)l (q(τ)n R)
Z(3)l (kopR)
− δp0
Z(1)l (kopR)
Z(3)l (kopR)
,
(9a)
rmp,l =
∑
n
∑
τ=±
t
(τ)
n,lh
(τ)
n−p,n
Z(1)l (q(τ)n R)
Z(3)l (kmp R)
. (9b)
Here, we have used the abbreviations
W op,l = Z(1)l (kopR)Z(3)l+1(kopR)
−Z(1)l+1(kopR)Z(3)l (kopR), (10a)
X
o/m,(τ)
n,p,l = σ
out
p Z(1)l (q(τ)n R)Z(3)l+1(ko/mp R)
− σins(τ)n Z(1)l+1(q(τ)n R)Z(3)l (ko/mp R), (10b)
and
f
(τ)
n−p,n =
∑
τ ′
c
τ ′,(τ)
n−p,nN τ
′,(τ)
n g0, (11a)
h
(τ)
n−p,n =
∑
τ ′
c
τ ′,(τ)
n−p,nN τ
′,(τ)
n γ
τ ′,(τ)
n . (11b)
When solving the infinite-dimensional coupled linear sys-
tem (8) numerically, we raise the dimension of the coef-
ficient (scattering) matrix until convergence is reached.
This is most challenging for large g1 or small Ω, since the
dimension of the scattering matrix is mainly determined
by the ratio |g1|/Ω (cf. appendix).
The inelastic scattering and conversion process be-
tween photons and phonons is characterized by the scat-
tering efficiency Qo/m(r, t), that is, the scattering cross
section divided by the geometric cross section. It consists
of a time-averaged part
Q
o/m
=
∑
n
∞∑
l=0
Q
o/m
n,l =
∑
n
∞∑
l=0
4
k
o/m
n R
∣∣∣ro/mn,l ∣∣∣2 , (12)
and a time-dependent part (to simplify the notation, we
omit the index out in σoutn )
Q˜o/m (r, t) =
∑
n<n′
∞∑
l=0
(−1)l 4√
k
o/m
n k
o/m
n′ R
× 2R
{
(r
o/m
n′,l )
∗ro/mn,l i
1
2 (σn′−σn) ei(n−n
′)Ωϑo/m
}
. (13)
Here, ϑo/m = r/vo/m−t denotes the time-retarded phase
factor. In Eqs. (12), (13), and hereafter, l ≥ 0. The
quantities Q
o/m
n,l in Eq. (12) represent the scattering con-
tributions of the partial wave l and the sideband n. In
the far field, the scattering efficiency is obtained from the
radial component of the current density of the reflected
wave, (1/2R)
∫
j
r;o/m
r (r, t) rdϕ [33, 40, 51, 52],
jr;o/mr (r, t) =
∑
n,n′
∑
l,l′
4vo
pi
√
k
o/m
n k
o/m
n′ r
(r
o/m
n′,l′)
∗ro/mn,l
× il−l′i 12 (σn′−σn)i(l+l′)sgn(σn′−σn)+(l′−l)sgn(σn′+σn)
× { cos [(l + l′ + 1)ϕ] + cos [(l − l′)ϕ]}ei(n−n′)Ωϑo/m ,
(14)
which characterizes the angular scattering. In the near-
field, the scattering is further specified by the probabil-
ity density ρ = 〈ψ|ψ〉, with |ψ〉 = |ψin〉 + |ψr〉 outside
and |ψ〉 = |ψt〉 inside the quantum dot. Note that in
the far-field, the optical/mechanical part of the probabil-
ity density of the reflected wave 〈ψr|ψr〉 becomes equal
to the current density (14) except for a constant factor
vo/m. Furthermore, defining the scattering efficiency by
the cross section, only the incident current of the pho-
ton was used, since no phonon incident currents exist (cf.
Fig. 1). Therefore, the scattering efficiency of the phonon
Qm can be understood as an interconversion rate between
photons and phonons, which we can define as Qm/Qo.
III. NUMERICAL RESULTS
Since the scattering problem worked out in the pre-
ceding section is invariant under the transformation
[E, g0,1,Ω, R
−1] → γ[E, g0,1,Ω, R−1] with γ ∈ R, we
rescale the equations of motion such that Ω = 1 [45].
We set vo = 10vm and furthermore employ units such
that vo = ~ = 1 [32, 33, 45]. Then, the rescaled variables
are dimensionless and related to the unscaled variables
(marked by ˆ) according to E = Eˆ/(~Ω), g0,1 = gˆ0,1/Ω,
R = RˆΩ/vo, k = kˆvo/Ω. The phase factor is mea-
sured in units of Ω, ϑo/m = ϑˆo/mΩ. According to
the experimental parameters given in Ref. [17] the ef-
fects discussed in this paper should be observable for
oscillation frequencies Ω ∼ 0.5MHz  ωlas, where we
have assumed a laser-enhanced optomechanical coupling
strength gˆ0 ∼ 0.1MHz with 2|gˆ1| . gˆ0. Then, without
violating the continuum approximation, the energies of
the photon and the phonon are in the order of ~ωm (mi-
crowaves) with excitation energies nΩ ∼ MHz  ωm
for the sidebands. The typical size of the quantum dot
radius is 100a with lattice constant a ∼ 50µm. Us-
ing these parameters the photon tunneling rate J be-
tween two sites [32] has to be made small by design:
J = 2vo/3a ∼ 10−2ωm.
5A. Static quantum dot
The scattering problem of the static dot (g1 = 0)
has been analyzed in previous work [33]. Depending on
the strength parameter Rg0 and the size parameter ER,
different scattering regimes occur. They can be char-
acterized by the scattering efficiency; see Fig. 2. This
schematic figure is taken as a starting point, helping us
to classify the different parameter regimes and expected
physical phenomena in the theoretical discussion below.
Comparing the scattering regimes of our optomechan-
ical quantum dot (Fig. 2) with those of electrons in
graphene scattered by gate-defined quantum dots (cf.
Fig. 3 in Ref. [53]), strong similarities could be identified,
which perhaps is not surprising in view of the close rela-
tion between both Hamiltonians. The most crucial differ-
ence is the nondiagonal optomechanical coupling, which
allows the quantum dot to translate light into sound. The
interconversion rate Qm/Qo is determined by the energy-
coupling ratio E/g0 (see Fig. 3 in [33]) and discriminates
between the optomechanical and purely optical regimes
(dashed line in Fig. 2). For E/g0  1, i.e., in the reso-
nant scattering (quantum) regime, the size parameter is
small for not too large radii (ER 1), so the excitation
of the first partial waves leads to sharp resonances in the
scattering efficiency of the photon, and of the phonon
accordingly. The resonance condition is
Rg0 =
√
vovmjl,i, (15)
where jl,i denotes the i’th zero of the Bessel function Jl
with i = 0, 1, 2, ... (the onset of the resonant scattering
regime is marked by an arrow in Fig. 2). Resonances are
featured by quasi-bound states in the quantum dot and
preferred scattering directions in the far-field (cf., Fig.
4 in [33]). Increasing E/g0 the phonon is hardly scat-
tered and the scattering becomes weaker. In the limit
E/g0  1, the scattering becomes purely photonic be-
cause vo  vm. At such high photon energies the scat-
tering of the phonons disappears since the corresponding
refractive index is almost one. At the same time more
and more partial waves will be excited, which leads to a
richer angular distribution of the radiation characteris-
tics and the possibility of Fano resonances (cf., Figs. 5
and 6 in [33]). At very large size parameters, ER  1,
the wavelengths will be much smaller than the radius of
the quantum dot and the quasiclassical regime is entered.
There, for E/g0 < 1, the quantum dot may act as a po-
laritonic Veselago lens with negative refractive indices,
focusing the light beam in forward direction.
B. Oscillating quantum dot
As already mentioned above, an oscillating quantum
dot causes inelastic scattering via sideband excitations
En = E + nΩ for both photons and phonons. Hence,
besides the angular momentum l, the sideband-energy
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FIG. 2. (Color online) Different scattering regimes for the
static quantum dot in dependence on the strength parame-
ter Rg0 and the size parameter ER. The latter determines
the maximum angular momentum lmax being possible in the
scattering. The energy-coupling ratio E/g0 switches between
the optomechanical (E/g0  1) and the pure optical regime
(E/g0  1), where the optomechanical (optical) regime is
characterized by the interconversion rate Qm/Qo ∼ 1 ( 1).
Depending on these parameter ratios the static dot acts as
a (i) resonant scatterer in the quantum regime, (ii) strong
reflector, (iii) weak reflector, or (iv) weak scatterer. On the
axis of abscissae the first resonance point derived from the
resonance condition (15) with l = 0 is marked.
quantum number n becomes important. Accordingly the
scattering regimes are no longer determined by ER and
E/g0, but by effective size parameters EnR and effective
energy-coupling ratios En/g0. The number of sidebands
involved in the scattering is mainly determined by the ra-
tio |g1|/Ω. This means, discussing the physical behavior
of our setup, an additional parameter comes into play. To
avoid that the sideband-excitation energies become too
large and the continuum approximation is no longer justi-
fied possibly, in particular for the phonon with vm  vo,
we restrict ourselves to values of g0 and |g1|/2 smaller
than Ω/2.
Before analyzing the scattering problem in detail, we
want to make a general remark concerning our Floquet
state approach. In the main, scattering is determined by
the refractive indices, that is to say by the different wave
numbers inside and outside the scattering region. If the
wave numbers inside and outside the quantum dot are
the same, scattering disappears. The other way around,
strong scattering takes place for large differences between
the wave numbers belonging to the static and nonstatic
cases. Clearly the deviation is greater the larger the
value of the coupling |g1|. Furthermore, inspecting the
quasienergies as a function of the wave number, ε (q), one
finds the most significant deviations close to the avoided
crossings (see Fig. 12 in the appendix). Such avoided
crossings appear when two energy bands of the static
case with different value of τ , and maybe shifted by Ω,
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FIG. 3. (Color online) Crossing-energies (CE) according to
Eq. (16). Note that in some cases CE with different p coincide
(such situation is marked by points). Symmetric Floquet-
resonant scattering occurs at g0 = Ω
√
vovm/(vo + vm) '
0.287Ω. Circles designate particular energy-coupling ratios:
(1) E/g0 = 10
−4 (E ' 0), (2) E/g0 ' 3.48 (E = 10−3g0 +
1Ω ' Ω), and (3) E/g0 ' 0.31 (E = 0.123Ω at g0 = 0.394Ω).
They correspond to different scattering regimes of the static
dot in Fig. 2: (1) → (i), (2) → (iii), (3) → (ii).
cross each other. For g0 ≤ Ω/2, these crossing-energies
(CE) are:
Ec,±p = ±
p′
|p′|
v¯
δv
√
(p′Ω)2 − 4g20 ±
Ω
4
[1 + (−1)p′+1], (16)
with p′ = p for ±p ≥ 1 and p′ = p∓ 1 for ±p ≤ 0, where
p ∈ Z. Again, the polariton degree of freedom of the
CE is marked by the index ±. Figure 3 shows the CE
depending on g0. Since the influence of the oscillating
barrier on the scattering is greatest for E ∼ Ec,±p , the
further discussion follows these cases marked in Fig. 3,
and the subsections are numbered accordingly.
1. Symmetric Floquet-resonant scattering close by E ' 0
For g0 = Ω
√
vovm/(vo + vm) and an incident photon
energy close to the neutrality point, E ' 0 [case (1)
in Fig. 3], the static dot is a resonant scatterer (quan-
tum regime) which makes light-sound conversion possi-
ble [regime (i) in Fig. 2]. Since the CE with p = ±1 are
shifted by ±Ω with respect to the p = 0 CE and the ener-
gies En are also shifted by multiples of Ω amongst them-
selves, we call the scattering ”Floquet-resonant”. We
find that different CE with p = 0 cross at E = 0, which
entails antiparallel wave vectors of equal magnitudes in-
side the dot (see Fig. 12 in the appendix). In principle,
the same argumentation applies to the sideband energies
E±n, which is why we call this situation ”symmetric”.
a. Weak photon-phonon coupling. Fig. 4 contrasts
the (time-averaged) scattering efficiency of the photon
and the phonon at weak couplings, i.e., in the (antiadi-
abatic) limit 2|g1|  Ω. Obviously, the scattering effi-
ciency of the static dot, with its resonances of the lowest
0 5 10 15 20
Rg0
-4
-2
0
2
1
lo
g 1
0(Q
o
/m
)
0 0.5 1 1.5 2
ϑ/T
0
5
10
15
Qo
/m
o
m
-4
0
log10(Q
m
n,l=0) n=0n=±1
5.7 5.73Rg0
-1
0
1
2
3
lo
g 1
0(Q
o
/m
)
(i)
(ii)
(iii)
(iv)
0 5
Rg0
-4
0
log10(Q
o
n,l=0) n=0n=±1
T/2
01 5
7
2
5
(a) (b)
(d)
6
5
16
(c)
FIG. 4. (Color online) Scattering efficiency at weak cou-
pling, |g1|  Ω. To realize symmetric Floquet resonance
for E ' 0 [case (1) in Fig. 3] we set E = 10−4g0 ' 0,
g0 = Ω
√
vovm/(vo + vm) ' 0.287Ω, and |g1| = 0.02Ω [ex-
cept for (c)]. (a) Time-averaged scattering efficiency of the
photon (red/gray) and the phonon (black), with resonance
points i = 0, 1, ... of the static quantum dot for l = 0 accord-
ing to Eq. (15) (blue numbers). (b) Different contributions
to the scattering efficiency of (a). (c) Enlarged scattering ef-
ficiency close to i = 5 for (i) g1 = 0, (ii) |g1| = 2 · 10−3Ω, (iii)
|g1| = 5 · 10−3Ω, and (iv) |g1| = 0.02Ω. (d) Time-averaged
scattering efficiency (dashed) and time-evolution of the scat-
tering efficiency at i = 5, corresponding to case (iv) in panel
(c) (here Qm is multiplied by a factor of 100).
partial wave l = 0, is retained to a certain extent [see Fig.
4(a)]. The resonances of the static dot can be related to
minima in the scattering efficiency (i = 6, 7, ...). Most
notably, at certain points (i = 5, 16, ...) the scattering is
off resonant, with the result that light-sound intercon-
version is strongly suppressed (Q
m
/Q
o  1). Although
not shown here, the positions of off-resonances are mov-
ing closer together, and towards smaller values of Rg0, if
g1 is increased. This can be ascribed to a Fabry-Pe´rot
interference between waves with different wave numbers
inside the dot [45].
Figure 4(b) gives the individual contributions to the to-
tal scattering efficiency depicted in Fig. 4(a). Whereas in
the static case the scattering is determined by the central
band n = 0, for finite values of g1 the sidebands n = ±1
are involved [sidebands with |n| > 1 (not shown) play a
minor role only]. Due to the symmetry of the problem
for E → 0, the n = ±1 sideband contributions are equal
in magnitude; |ro/mn=1,l| ' |ro/mn=−1,l|. We find that for these
sidebands only the lowest partial wave with l = 0 is ex-
cited, although the effective size parameter might suggest
the opposite: En=±1R ' ±ΩR  1. We will come back
to that later. We further observe that the sidebands have
large impact on the scattering, even though the coupling
is weak. This applies in particular to the off-resonance
situation i = 5, where the scattering is dominated by
the sidebands for both photons and phonons. Appar-
7FIG. 5. (Color online) Time-retarded scattering characteris-
tics for the same parameter values as used in Fig. 4(d). Shown
are the optical (red, top left) and mechanical (black, top right)
parts of the probability density ρ = 〈ψ|ψ〉 inside and outside
the quantum dot (marked by the blue circle) at t = 0, as
well as the angle-resolved time evolution of the far-field cur-
rent density j according to Eq. (14) (bottom) at r = R. For
reasons of symmetry the angle dependence of the optical (me-
chanical) mode is given only for ϕ ≥ 0 (ϕ ≤ 0). Note that
the ring structure occurring in the photon probability density
also exists in the phonon density, but is hard to resolve due
to the small wavelength of the phonon wave (vm = vo/10)
(the additional structures in the phonon density arise due to
undesirable aliasing effects).
ently the occurrence of off-resonances featured by weak
scattering efficiency are a direct consequence of the pres-
ence of sidebands. Since the effective energy-coupling
ratio of the central band En=0/g0 ' 0 and the sidebands
|En=±1|/g0 ' 3.48 lie within different scattering regimes,
cf. Fig. 2, their interplay may lead to a partial transition
from the resonant scattering regime to the weak reflection
regime [(i)–(iii) in Fig. 2], accompanied by a suppression
and revival of light-sound interconversion.
To monitor how the scattering resonance of the
static dot gradually dissolves and is replaced by an off-
resonance, Fig. 4(c) displays the time-averaged scattering
efficiency in the vicinity of resonance point i = 5 for dif-
ferent values of g1. The resonance of the static dot [case
(i)] is widely weakened for a small perturbation already
[cases (ii) and (iii)], particularly for the mechanical mode.
We note that the scattering resonance is characterized by
two resonance peaks, occurring symmetrically about the
resonance point [33]. At even larger values of g1 the res-
onance almost vanishes and the scattering becomes weak
and purely photonic [case (iv)].
In Fig. 4(d) the time dependent scattering efficiency
is depicted at the off-resonance (i = 5). According to
Eq. (13), the sidebands (n = ±1) interference entails
a periodic time dependence of the scattering efficiency
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FIG. 6. (Color online) Scattering contributions Q
o
n,l=0 [col-
ored (thicker) lines] at moderate couplings |g1| = 0.05Ω (a)
and |g1| = 0.14Ω (b). Other parameters values are the same
as in Fig. 4 for the symmetric Floquet-resonant situation with
E ' 0 [case (1) in Fig. 3]. In addition, the time-averaged scat-
tering efficiency of the phonon is depicted [black (thin) line].
with frequency 2Ω. As a result the quantum dot switches
between purely photonic and phononic emission. In a
certain sense, this time-periodic oscillation is related to
ZB (but see the discussion below) [41].
In Fig. 5 the time-retarded and periodic emission of
light and sound by the oscillating quantum dot is illus-
trated by means of the probability density at t = 0 (top)
and the time-dependent far-field current density accord-
ing to Eq. (14) at r = R (bottom) for parameters of
Fig. 4(d). The time periodicity of the scattering effi-
ciency displayed in Fig. 4(d) is due to the constructive
and destructive interference of the reflected wave func-
tions for the sidebands n = ±1 and gives reason to the
ring structure with wavelength λo/m = pivo/m/Ω in the
probability density. For the photon density the incoming
wave function covers this periodicity farther away from
the dot where the wavelength is twice as large. Inside
the dot the probability density is significantly enhanced,
for both photons and phonons, which can be related to
the excitation of the l = 0 mode [33]. Obviously, the
dot captures the incident photon and partly converts it
into phonons, and emits both particle waves (periodically
in time) predominantly in forward direction afterwards.
In the far field, this gives rise to a time-periodic current
density. The absence of backscattering at ϕ = pi, related
to Klein tunneling, is caused by the conservation of he-
licity at perpendicular incidence [32, 33] and is observed
for time-dependent planar barriers as well [45].
b. Moderate photon-phonon coupling. Figure 6
shows the contributions to the time-averaged scattering
efficiency of the photon in this case, where 2|g1| & 0.1Ω.
Again only the l = 0 mode is noticeably excited. We
find that scattering is still dominated by the sidebands
with n = ±1; the contributions of the sidebands
n = ±2 are rather small and are comparable with those
of the central band n = 0; see Fig. 6(a). Sideband
contributions with |n| > 2 are negligible. The situation
does not change much for the relatively large coupling
used in Fig. 6(b). The minor significance of sidebands
with |n| > 1 is obvious by looking at the CE in Fig. 3:
Since the sideband energies En = E + nΩ ' nΩ do
8not match any CE for n > 1, these sidebands become
important only at very large g1, when the influence of
the closest CE is large enough. Figure 6 furthermore
shows that off-resonances are still present and get closer
for the higher coupling. This is again due to interference
of waves with different wave numbers inside the dot.
Hence the concomitant suppression of the light-sound
interconversion at the off-resonances (Q
m
/Q
o  1)
takes place also in the weak resonant reflection regime.
c. Relation to zitterbewegung. In a nutshell, ZB
means the rapid and tiny fluctuations of the expectation
value of the particle position (velocity) about the average
path due to interference of positive and negative energy
states. Although the effect has never been observed for a
free electron due to the largeness of its rest energy, gap-
less metamaterials as (optomechanical) graphene with its
Dirac-like quasiparticles provide a promising platform to
observe ZB [41, 54–57]. Let us briefly discuss the condi-
tions under which ZB might be observable in our setup
(for the moment, we set vo/m = 1).
In the absence of an oscillating barrier, g = 0, ZB
may show up in the expectation value of the velocity op-
erator v = σ. Consider a general wave packet for the
optical or the mechanical mode, respectively, given at
t = 0 as the superposition of plane wave states with pos-
itive (σ = +1) and negative energy states (σ = −1):
|ψ〉 = (1/√2)∑σ ∫ aσ(k, ϕ) |σ,k〉d2k. Here, aσ (k, ϕ) is
the probability amplitude in k-space. Straightforward
calculation in the Heisenberg picture yields 〈v〉 (t) =
〈v〉av + 〈v〉ZB (t) where 〈v〉av = er 12
∑
σ σ
∫
d2k|aσ(k)|2
is the average velocity of a free, ultrarelativistic particle
in polar coordinates and
〈v〉ZB (t) = −eϕRe
{ ∫
d2k
[
a+ (k, ϕ)
]∗
a− (k, ϕ)
× [sin (2kt)− i cos(2kt)]
}
(17)
represents the ZB term. Equation (17) clearly shows that
the interference of states with positive and negative en-
ergy is a condition for the occurrence of ZB. In addi-
tion, since the velocity operator σ does not act in k-space
〈σ′,k′|σ|σ,k〉 ∼ δ (k − k′), for observing ZB, states with
different helicity have to be superimposed, i.e., the prop-
agation directions of the states with positive and negative
energy must be antiparallel.
Our results suggest that the setup considered here
represents a realistic opportunity to observe ZB in op-
tomechanics. Looking at the reflected wave function (5),
the energetic condition for ZB can be quite simply ful-
filled in the case of a symmetric Floquet resonance for
photon energies at the neutrality point [see Fig. 4(b)].
Here, sideband states with positive (En=+1 ' +Ω) and
negative (En=−1 ' −Ω) energy can be symmetrically
excited for both the photon and the phonon, whereby
the central-band state (E ' 0) fortunately is de-excited.
The resulting ZB frequency of 2Ω can be made small by
tuning the optomechanical coupling via the laser power
(Ω ∼ g ∼ 1MHz by our estimates), which should be ad-
vantageous in view of an experimental implementation,
just as the simple optical readout.
We argue that the other condition can easily be fulfilled
by a setup where two optomechanical barriers (circular
or planar) hit by photon waves from opposite directions,
generated by the probe laser after passing a beam split-
ter. Then, in the space between the two barriers, where
the reflected waves of either barrier interfere, ZB should
be able to form (this is not the case for only one barrier,
where the reflected waves have the same helicity). A
detailed analytical and numerical analysis of a suchlike
extended (much more complicated) scattering problem
is beyond the scope of the present work and is therefore
postponed to a forthcoming study.
2. Symmetric Floquet-resonant scattering close by E ' Ω
Next we investigate the scattering of a photon with
energy E ' Ω, according to case (2) in Fig. 3. Since the
energy-coupling ratio E/g0 ' 3.48, the static quantum
dot now acts as a weak reflector with almost no light-
sound interconversion [regime (iii) in Fig. 2]. As before,
the scattering by the oscillating dot is Floquet-resonant
and the situation is, in some sense, symmetric as the en-
ergies with n = 0,−1,−2 match the CE perfectly and
the wave numbers obtained from E±n have equal mag-
nitudes. Since E 6= 0 the sideband contributions are no
longer symmetric with respect to n→ −n.
In Fig. 7 the time-averaged scattering efficiency of the
photon and the phonon is depicted together with the
scattering contributions of the photon for two (weak)
couplings (2|g1|  Ω). The scattering is determined by
the central band and the sidebands n = −1,−2; other
sidebands play no role as their energies do not lie in the
range of the CE, cf. Fig. 3. For the mechanical mode only
the n = −1 contribution is shown because this is the only
one that modifies the scattering efficiency substantially.
Note that the size parameter ER takes on large values
very quickly, that is why exclusively the contributions of
the first partial waves were considered.
While the scattering efficiency essentially follows those
of the static dot, it features some very sharp resonances,
see Fig. 7(a). The central band contribution n = 0 indi-
cates that these spikes originate from resonances of the
partial waves (15) as they will also occur for a static quan-
tum dot at zero photon energy in the resonant scattering
regime. Not surprisingly, the resonant scattering regime
is also reflected in the sideband contribution n = −1,
where the effective energy-coupling ratio En=−1/g0 ' 0.
Here, only the lowest partial wave l = 0 is resonant, while
higher partial waves are not excited due to the smallness
of the effective size parameter, En=−1R 1. The situa-
tion changes for the sideband n = −2, where the effective
size parameter becomes large again, En=−2R 1.
Increasing the coupling strength in the weak-coupling
regime, the resonances broaden [compare Figs. 7 (b)
and (a)], and especially the low-frequency part in the
9FIG. 7. (Color online) Time-averaged scattering efficiency
(top panel) of the photon (red/gray) and the phonon (black)
and optical scattering contributions of different partial waves
(lower panels) at weak couplings, where |g1| = 5 · 10−3Ω in
(a) and |g1| = 0.02Ω in (b). In the top panels the scattering
efficiencies of the static dot are included [turquoise (thicker)
line]. The scattering contribution of the phonon for the side-
band n = −1 with l = 0 is denoted by the blue line. To realize
a symmetric Floquet resonance at E ' Ω [case (2) in Fig. 3],
we choose E = 10−3g0+Ω, g0 = Ω
√
vovm/(vo+vm) ' 0.287Ω.
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FIG. 8. (Color online) Time-averaged scattering efficiency of
the photon [red (gray)] and the phonon (black) slightly away
from the symmetric Floquet resonance at E = 0.928Ω, g0 =
0.3Ω and |g1| = 0.1Ω. For comparison, the corresponding
scattering efficiencies of the static dot are shown (turquoise).
functional dependence of Q(Rg0) markedly deviates from
that of the static dot. Both effects can be attributed
to larger deviations of the Floquet wave numbers from
those of the static problem when g1 is growing. Again
off-resonances occur, which becomes particularly clear for
the n = −1 sideband contribution [see Fig. 7(b)]. This
signal is very similar to that one obtained in Fig. 4(b),
where the same value of g1 was used. The reason is
that the effective energy-coupling ratio of the sideband
is equal to that of a photon with energy at the neutral-
ity point, En=−1/g0 ' 0. This means that not only for
E ' 0 but also for E ' Ω the interplay between sideband
and central band excitations causes a partial transition
from the weak reflector regime to the resonant scattering
regime [(iii) to (i) in Fig. 2], leading to the formation of
a photon-dominated weak resonant scattering regime.
The scattering efficiency at moderate coupling
strengths, slightly away from the symmetric Floquet res-
onance condition, reveals another interesting result. Fig-
ure 8 shows that in this case the scattering is no longer
photon-dominated (different from Fig. 7). So while the
static dot acts as a weak reflector for photons with almost
no light-sound interconversion, the scattering efficiency
of the phonon now becomes comparable with that in the
weak scattering regime.
3. Floquet-resonant scattering without symmetry
Finally, we discuss the scattering by the oscillating
quantum dot for a situation without symmetry. For
that we assume E ' 0.12Ω and g0 ' 0.39Ω, accord-
ing to case (3) in Fig. 3. Then the energy-coupling ratio
E/g0 ' 0.31, and the static dot acts as a strong reflector
with angle-dependent light-sound interconversion [regime
(ii) in Fig. 2]. The scattering is again Floquet-resonant.
Figure 9 displays the time-averaged scattering effi-
ciency of the photon and the phonon for weak and moder-
ate coupling strength. Since the size parameter ER ' 1,
the scattering efficiency of the static dot features reso-
nances of the first partial waves, showing up as broad
peaks. The oscillating dot weakens the resonances in the
scattering efficiency of the photon as well as the light-
sound interconversion rate. This effect becomes more
pronounced at higher coupling strengths, and is accom-
panied by off-resonances for the phonon.
Figure 10 (a) gives the (relevant) photon contri-
butions to the scattering efficiency at weak coupling.
The phononic contributions are not shown because the
phonon scattering efficiency is determined by the cen-
tral band only. The sideband n = −1 has a significant
influence on the scattering efficiency as En=−1 matches
the CE (cf. Fig. 3). Since the corresponding effective
energy-coupling ratio |En=−1|/g0 ' 2.3, the interference
of states of the sideband and the central band leads to the
hybridization of the weak and the strong reflector regime
of the static dot [regimes (iii) and (ii) in Fig. 2], which
gives the explanation for the weakening of resonances and
of the light-sound interconversion rate in Fig. 9. We fur-
ther observe, that only the first partial waves are excited
for the sideband, although the effective size parameter
is significantly larger, |En=−1|R > En=0R. The same
effect occurs for the case of symmetric Floquet-resonant
scattering at E ' 0 in Fig. 4. It seems that the size pa-
rameter ER determines the maximum number of partial
waves lmax which are involved in the scattering, whereas
the effective size parameter En 6=0R determines the maxi-
mum number of partial waves for the sidebands with the
constraint lmaxn 6=0 ≤ lmax (this applies also to the Floquet
scattering problem in graphene [40]). This is reasonable,
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FIG. 9. (Color online) Time-averaged scattering efficiency
at Floquet resonance without symmetry [case (3) in Fig. 3].
Here E ' 0.12Ω and g0 ' 0.39Ω.
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FIG. 10. (Color online) (a) Scattering contributions to Q
o
given in Fig. 9 for |g1| = 0.025Ω. (b) Enlarged area near
Rg0 = 2.
since the scattered waves with their effective size param-
eters merely represent the system’s response, whereas the
incident wave and its interaction with the quantum dot
represent the initial condition of scattering.
Figure 10 (b) enlarges the area of Fig. 10(a) where the
scattering contributions of different angular momentum
l and different energy n are of comparable magnitude.
While the angular momentum defines the angle depen-
dence of the radiation, the energy determines their time
dependence [cf. Eq. (14)]. Interference has a lasting effect
on the (angle- and time-dependent) radiation character-
istics. This is illustrated in Fig. 11. At different points
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FIG. 11. (Color online) Polar plot of the current density of
the optical reflected wave in the far-field according to Eq. (14)
at the time t/2pi = 0.61 (a), t/2pi = 1.2 (b), and t/2pi = 1.33
(c) for r = R. Parameter values are the same as in Fig. 10
with Rg0 ' 2 (dashed line).
in time the interference causes either (a) forward scat-
tering due to the l = 0 mode, (b) scattering in several
directions due to the l = 1 mode, or (c) the absence of
forward scattering (Fano resonance) due to the interfer-
ence of the l = 0 and l = 1 modes [33]. In this way, the
oscillating quantum dot might act as a time-dependent
photon transistor.
IV. CONCLUSIONS
The main goal of this work was to examine the time-
dependent scattering of two-fold degenerate Dirac-Weyl
quasiparticles by laser-driven quantum dots in optome-
chanical graphene. The setup considered models the
propagation and interconversion of light and sound on a
honeycomb array of optomechanical cells, structured by
circular, oscillating (photon-phonon-coupling) barriers.
As our investigations have shown, the temporal modu-
lation (Ω) of the photon-phonon coupling in the quantum
dot region (R) tremendously influences the quasiparticle
transport. Here, unlike the energy-conserving case of a
static quantum dot where the scattering is essentially de-
termined by the ratio between the energy of the incident
photon wave and the coupling strength of the barrier, in-
elastic scattering gives rise to the excitation of sideband
states with energies En = E + n~Ω. Their interference
causes a mixing of long-wavelength (quantum) and short-
wavelength (quasiclassical) regimes. The number of side-
bands involved is greater the larger (smaller) the ampli-
tude (frequency) of the barrier oscillation. This affects
also the effective size parameters EnR, which determine
the angular momentum contributions involved in the
scattering process. The consequence is a time-periodic,
strongly angle-dependent emission of light and sound
(with Fano resonances), analogous to electron transport
through driven graphene quantum dots. In this way, the
optomechanical quantum dot acts as a time-dependent
converter for photons and phonons.
Analyzing the underlying, effective two-level system
within Floquet theory, it was shown that avoided cross-
ings in the quasienergy band structure are of particular
importance. More specifically, when the (sideband) en-
ergy lies in the vicinity of an avoided crossing (Floquet
resonance), the influence of the barrier is most promi-
nent since the wave numbers determining the scattering
process most deviate from those of the static dot. Then
even a small oscillation amplitude may significantly af-
fect the scattering, up to the point where the light-sound
interconversion is suppressed and revived in the course
of interference of waves with different wave numbers.
The results presented in this work should have im-
pact on both, fundamental problems such as the obser-
vation of zitterbewegung and potential applications based
on quantum-optical, laser-driven optomechanical meta-
materials being suitable for the transport, storage, and
transduction of photons and phonons. In this context,
a more realistic description of optomechanical systems
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beyond the continuum approximation, which ideally in-
volves wave-packet dynamics and dissipation, is highly
desirable, as well as more in-depth studies about the
role of time-dependent (synthetically generated) mag-
netic fields [31].
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APPENDIX A: IMPLEMENTATION OF THE
FLOQUET APPROACH
Inserting the Floquet state (3) into the time-dependent
Dirac equation yields the Floquet eigenvalue equation:∑
p
∑
τ=±
{
cτp (E
τ,σ + pΩ) |τ〉 δpp′
+g1
∑
τ ′=±
cτpα
τ
τ ′ |τ ′〉 (δp+1,p′ + δp−1,p′)
}
= ε
∑
p
∑
τ=±
cτp |τ〉 δpp′ , p′ ∈ Z, (18)
where
Eτ = vσq + στ
√
g20 + δv
2q2/4 (19)
is the energy dispersion of the time-independent problem
for wave number q, and
ατ+ =
N τ
N+
g20 − γτγ+
g0 (γ+ − γ−) = −τα
−τ
− , (20)
with the normalization factor,
N τ = 1/
√
g20 + (γ
τ )2, γτ = voσq − Eτ . (21)
Based on Eq. (18) we define the vector of Fourier com-
ponents, c = (. . . , c+−1, c
−
−1, c
+
0 , c
−
0 , c
+
1 , c
−
1 , . . .)
T, and the
(Hermitian) Floquet matrix,
F =

. . .
E+−1 0 g1α
+
+ g1α
−
+ 0 0
0 E−−1 g1α
+
− g1α
−
− 0 0
g1α
+
+ g1α
−
+ E
+ 0 g1α
+
+ g1α
−
+
g1α
+
− g1α
−
− 0 E
− g1α+− g1α
−
−
0 0 g1α
+
+ g1α
−
+ E
+
+1 0
0 0 g1α
+
− g1α
−
− 0 E
−
+1
. . .

,
(22)
for Eτn = E
τ + nΩ. We fix Ω = 1, which is justified due
to the scale invariance of the scattering problem. The
quasienergies ε in Fc = εc are obtained as the eigenval-
ues of the Floquet matrix (22) and depend on the two
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FIG. 12. (Color online) Quasienergies ε(±) + nΩ, n ∈ Z, ob-
tained as eigenvalues of the Floquet matrix (22) for |g1| =
0.14Ω as a function of the wave number q (using σ = ±1 for
positive and negative values of q). Inserted are also the ener-
gies En = E+nΩ of the central band n = 0 and the sidebands
n = ±1 (blue horizontal lines) for E = 0 and static coupling
g0 = 0.287Ω, corresponding to the case of symmetric Floquet
resonance close by E ' 0 (see discussion in Sec. III B 1 of the
main text). The proper pair of quasienergies ε(±) (solid lines)
that has to be used for the scattering problem is that which
coincides with the dispersion of the static case at q → 0. The
wave numbers used for the scattering problem are determined
by the zeros of En − ε(±) (q) and are marked exemplary for
the cases n = 0, 1 in the lower panels (i) and (ii). For com-
parison the polariton branches of the energy dispersion of the
static case, E∓ (q) (solid) and E± (q)∓Ω (dashed), are shown
(brown thin lines). Since E = 0, the wave numbers reveal the
symmetry q
(±)
−n = −q(∓)n .
barrier parameters g0, g1, as well as on wave number q.
The pseudospin projection σ = ±1 leads only to a change
in the sign of the quasienergies and is determined by the
sign of the wave number. As a consequence of the polari-
ton degree of freedom τ = ±1, the static dispersion (19)
is two fold degenerate. Accordingly, the quasienergies
are two fold degenerate, too, which is reflected in the
block-diagonal form of F and is marked by the index (±)
hereinafter. Diagonalization yields a pair of quasienergies
ε(±) (q) with Fourier vectors c(±) (q) for each q. Other
pairs of quasienergies ε(±) (q) + nΩ are also eigensolu-
tions of Eq. (22), but in principle they all contain the
same information about the time dependence.
According to Eq. (6), the eigensolutions of F are
needed to construct the transmitted wave function in-
side the dot. Since the oscillating barrier shifts the
energy E of the incoming wave, En = E + nΩ, the
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quasienergies are fixed: ε(±)(q) = En. The zeros of
ε(±)(q) − En yield the wave numbers q(±)n , and hence
the Fourier vectors c
(±)
n can be calculated. Doing this it
makes sense to connect the considered pair of quasiener-
gies with the energy dispersion in the static case for
q → 0: ε(±) (q → 0) = E± (q → 0). We note that when
using the Floquet approach the specific geometry of the
barrier only enters the scattering matrix via Eqs. (8)
and (9) (e.g., the results for a planar barrier are given
in [45]).
Figure 12 displays the highly symmetric situation that
evolves in the numerical work for the Floquet resonance
at photon energy E ' 0 discussed in the main text. By
tracking the quasienergies in dependence of q, the con-
dition ε(±)(q) = En defines the wave numbers q
(±)
n (and
Fourier vectors) that have to be used for the barrier wave
function (crossings of the blue horizontal lines with the
quasienergies); see panels (i) and (ii) for n = 0, 1. Devia-
tions of the wave numbers q from those of the dispersion
of the static case (obtained from crossings of the hori-
zontal lines with the brown thin lines in lower panels of
Fig. 12) arise due to the avoided crossings. Obviously,
these deviations are largest in the vicinity of the points
where the two polariton branches of the static dispersion
cross each other. The corresponding crossing energies
are given by Eq. (16). Of course, the influence of the
oscillating barrier on the scattering is most prominent
for energies En near a crossing energy. There even small
couplings |g1|  Ω significantly modify the scattering (cf.
Figs. 3, 6, and 8.
We finally note that at larger |q| values the quasiener-
gies are less affected by the barrier; for |q|  1 the
quasienergy and the dispersion of free quasiparticles
merge. This can be used to implement truncation cri-
teria for the number of sidebands nmax which will have
to be considered in the numerical work. Taking into ac-
count that 2|g1| ≤ g0, we found that dimF ' 2+4(x−1)
with x = 2(1 + 10 · 4|g1|) serves as a good estimate for
numerical convergence of the quasienergies ε(±) as well
as for those of the scattering coefficients. Then the max-
imum number of sidebands used in the numerics should
be at least nmax = x/2, i.e., nmax ' 1 + 10 · 4|g1|.
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